ARID1A is a tumor suppressor gene that belongs to the switch/sucrose non-fermentable chromatin remodeling gene family. It is mutated in many types of human cancer with the highest frequency in endometrium-related ovarian and uterine neoplasms including ovarian clear cell, ovarian endometrioid, and uterine endometrioid carcinomas. We have previously reported that mutations in the promoter of human telomerase reverse transcriptase (TERT) rarely co-occur with the loss of ARID1A protein expression, suggesting a potential role of ARID1A in telomere biology. In this study, we demonstrate that ARID1A negatively regulates TERT transcriptional regulation and activity via binding to the regulatory element of TERT and promotes a repressive histone mode. Induction of ARID1A expression was associated with increased occupancy of SIN3A and H3K9me3, known transcription repressor and histone repressor marks, respectively. Thus, loss of ARID1A protein expression caused by inactivating mutations reactivates TERT transcriptional activity and confers a survival advantage of tumor cells by maintaining their telomeres.
these complexes rearrange the distribution of nucleosomes, thereby modifying chromatin configuration and DNA accessibility to cellular machineries involved in transcription, DNA replication, DNA methylation, and DNA repair (1) (2) (3) .
The discovery of molecular genetic aberrations in chromatin remodelers converged genetic and epigenetic dysregulation, which contributes to the development and progression of numerous diseases, including cancer. Somatic ARID1A mutations were first discovered in ovarian clear cell carcinoma (4, 5) and subsequently reported in endometrium-derived carcinomas and several other cancer types (6, 7) . Mutations of ARID1A occur throughout the entire coding sequence, mostly frameshift and nonsense mutations, thereby resulting in a loss of ARID1A protein expression. Hence, ARID1A is implicated as a tumor suppressor, and indeed, functional studies have demonstrated that ARID1A loss can promote tumorigenesis by affecting proliferation, differentiation, and apoptosis (8 -10) . At the molecular level, our previous study demonstrated that the ARID1A complex interacted and collaborated with p53 to regulate transcription of several effectors including CDKN1A encoding p21 (8) . In genetically engineered mice, whereas Arid1a deletion by itself is insufficient to transform cells, codeletion of Arid1a with either Pten or Pik3ca is required to drive the formation of ovarian endometrioid and clear cell-like carcinomas, respectively (11, 12) .
To further elucidate molecular mechanisms of ARID1A in preventing tumorigenesis, we sought to identify additional molecular genetic alterations that tend to be absent in ARID1A mutated tumors. The nature of "mutual exclusiveness" between two molecular genetic events typically implicates their involvement in similar or overlapping biological functions. Therefore, alteration in one of the molecular genetic events will be sufficient to achieve pathway activation. Somatic mutations of KRAS and BRAF represent a quintessential example of mutual exclusiveness because KRAS mutations rarely co-occur with BRAF mutations in many types of human cancers (13) (14) (15) . We previously reported that known activating mutations in the promoter of human TERT rarely co-occurred with loss of ARID1A protein expression, which is a surrogate marker for its inactivating mutation (16) . Somatic activating mutations at the TERT promoter have recently been reported in melanoma (17, 18) and other malignancies including ovarian clear cell carci-noma (19 -22) . The majority of reported mutations are located at two hot spots with each mutation creating a new 11-bp motif essential for the recruitment of the multimeric GABP transcription factor, known to enhance transcriptional activity of the TERT promoter in vitro and increase TERT mRNA expression in cancer cells including those derived from ovarian clear cell carcinoma (16 -18, 22-24) . Considering the above findings and that several tumor suppressor genes have been reported to act as TERT transcriptional repressors (25) , it raises the possibility that similar to TERT promoter (activating) mutation, loss of ARID1A expression may lead to up-regulation of TERT expression in certain types of tumor. In this study, we employed both reverse (silencing and gene knockout of ARID1A) and forward (induction of ARID1A) approaches to determine whether ARID1A directly regulates TERT transcription and telomerase activity.
Experimental Procedures
Cell Culture-The cell lines used in this study included human embryonic kidney epithelial cells (HEK293FT), human osteosarcoma cells (U2OS), human endometrial epithelial cells (hEM3), and human ovarian clear cell carcinoma cell lines (OVISE and OV207). HEK293FT cells were cultured in DMEM (Life Technologies) supplemented with 10% FBS (Atlanta Biologicals, Norcross, GA) and 1% penicillin/streptomycin (Life Technologies). In this study, we generated the human endometrial epithelial cell line, hEM3, which was established from a primary culture of normal endometrial epithelial cells. hEM3 cells expressed epithelial cell markers including cytokeratin-8, Ep-CAM, and E-cadherin, as well as estrogen receptor. More than 99% of these cells were positive for Ep-CAM using flow cytometry. This cell line harbored wild-type ARID1A and expressed BAF250. Because endometrium-related neoplasms are derived from endometrial epithelial cells, hEM3 offers an appropriate cell model to study these carcinomas. hEM3 cells were cultured in RPMI 1640 medium (Life Technologies) supplemented with 15% FBS, 1% nonessential amino acids (Life Technologies), and 1% penicillin/streptomycin. All other cell lines were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin. Mouse primary fibroblast cells were established from the ear of Arid1a flox/flox adult mice using an established protocol (11, 26) and were cultured in tissue culture dishes coated with 1% gelatin (Sigma-Aldrich) using DMEM (Life Technologies) supplemented with 15% FBS, 1% nonessential amino acids (Life Technologies), and 1% penicillin/streptomycin. OVISE and OV207 ARID1A-inducible cells were established previously (8) . Ectopic expression of ARID1A in U2OS and hEM3 ARID1A KO CRISPR/Cas9 cells was achieved by transfection of pcDNA6-V5/HisB plasmid containing wild-type full-length ARID1A (27) .
Gene Silencing by RNA Interference-ARID1A expression was suppressed using the Stealth RNAi TM siRNAs HSS112108, HSS112109, and HSS112110 (Life Technologies). HSS112109 was used in all subsequent studies because of its ability to produce the highest inhibition of ARID1A expression in hEM3 and HEK293FT cells. TERT expression was suppressed using Silencer Select siRNA s372 (Life Technologies). Stealth RNAi TM siRNA negative control medium GC (Life Technologies) and Silencer Select Negative Control No. 1 siRNA (Life Technologies) were used as negative controls for ARID1A and TERT siRNAs, respectively. siRNAs were transfected by Lipofectamine RNAiMAX (Life Technologies), and cells were harvested 72 h after transfection and subjected to subsequent experiments.
Generation of ARID1A Knocked Out hEM3 Cells by CRISPR/ Cas9 -The pSpCas9n(BB)-2A-Puro (PX462) CRISPR/Cas9 vector used in this study was obtained from the Addgene (plasmid no. 48141). Cloning was performed as previously described (28) using a pair of CRISPR single-guide RNA (sgRNA) specifically targeting exon 15 of ARID1A, namely top strand-nicking sgRNA (AACGGCGGGATGGGTGACCC) and bottom strandnicking sgRNA (TACAGTCGTGCTGCCGGCCC). hEM3 cells were transiently transfected using Lipofectamine 3000 (Life Technologies), and positive cells were selected in the presence of 1 g/ml puromycin. Two weeks after transfection, single clones were isolated. Sequencing revealed deletion of 16 bp (chr1: 26,773,393-26,773,408) and combination of deletion 16 of bp with a 2-bp insertion (chr1: 26,773,390 -26,773,407) on each allele, respectively. The efficiency of ARID1A knock-out was verified by immunoblotting.
RNA Extraction, Reverse Transcriptase, and Quantitative RT-PCR-Total RNA from cultured cells was isolated using the RNeasy Plus mini kit (Qiagen). In addition, a total of 30 anonymous formalin-fixed paraffin-embedded clear cell carcinoma tissues were obtained from the archival files in the Department of Pathology, the Johns Hopkins Hospital under appropriate approval of institutional review boards. Hematoxylin and eosin stained sections were reviewed by a pathologist (I.-M. S.) to confirm the diagnosis before experiments. Total RNA from formalin-fixed paraffin-embedded dissected tumor tissues was then extracted using the RNeasy formalin-fixed paraffin-embedded kit (Qiagen). First strand cDNA was generated using the iScript cDNA synthesis kit (Bio-Rad). Quantitative RT-PCR was performed using OneTaq Hot Start DNA polymerase (New England Biolabs, Ipswich, MA) and SYBR Green I (Life Technologies). The primers used for Quantitative RT-PCR are listed in Table 1 .
Immunoblot Analysis-The cells were homogenized in protein lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS) supplemented with Halt protease inhibitor mixture (Thermo Scientific, Waltham, MA). Protein were separated using 4 -15% Mini-PROTEAN TGX TM Precast protein gels (Bio-Rad), and immunoblot analyses were performed using standard procedures. The blots were developed using the Clarity TM Western ECL blotting substrate (Bio-Rad). The following antibodies were used for immunoblot analysis: anti-ARID1A (1:1000, D2A8U; Cell Signaling, Danvers, MA), TERT (1:2000, ab183105; Abcam, Cambridge, MA), and GAPDH (1:5000, G9545; Sigma-Aldrich).
SYBR Green Real Time Telomeric Repeat Amplification Protocol (SYBR-TRAP) Telomerase Activity Assay-Samples for telomerase activity assays were extracted by suspending cell pellets in CHAPS lysis buffer (1,000 cells/l), incubated for 30 min on ice, and centrifuged at 12,000 ϫ g at 4°C for 20 min. Protein concentration of extracts was determined with the DC protein assay (Bio-Rad). The SYBR Green RQ-TRAP assay was conducted using Platinum Taq DNA polymerase (Life Technologies) and SYBR Green I with 375 ng of protein, 1 M of telomerase primer TS, and 0.5 M of anchored return primer ACX. Primer sequences are listed in Table 1 . Reaction mixes were incubated for 30 min at 30°C and amplified in 35 cycles of two-step PCR with 30 s at 95°C and 90 s at 60°C. Samples after heat inactivation at 85°C for 10 min serve as negative controls.
Telomere Length Analysis by qPCR-Quantitative telomere length assay was performed using a modified protocol (29, 30) . Briefly, genomic DNA was extracted from cells using the DNeasy blood and tissue kit (Qiagen). Triplicate PCRs using 5 ng of each DNA, 1 M telomere primer Tel, and 1 M single gene copy primer 36B4 were carried out in a 12.5-l reaction volume using the Maxima SYBR Green qPCR Master Mixes (Thermo Scientific). Thermocycling conditions were 3 min of initial denaturation step at 95°C, followed by 35 cycles of denaturation for 1 min at 95°C, annealing for 10 s at 57°C, and extension for 45 s at 70°C. Relative T/S ratios reflecting relative length differences in telomeric DNA (29, 30) were determined by generating standard curves for telomere lengths and the single gene copy from a reference DNA sample. Primer sequences used in this experiment are listed in Table 1 .
Telomere Length Analysis by Fluorescence in Situ Hybridization-The method for telomere-specific fluorescence in situ hybridization was previously described (31) . Briefly, cells on chamber slides were hybridized with a Cy3-labeled peptide nucleic acid probe complementary to the mammalian telomere repeat sequence (N terminus to C terminus, CCCTAACCCT-AACCCTAA), and nuclei were counterstained using DAPI. A fluorescein isothiocyanate-labeled peptide nucleic acid probe specific for human centromeric DNA repeats (ATTCGTTG-GAAACGGGA; CENP-B binding sequence) was also included as a positive control. The slides were then imaged with a Nikon 50i epifluorescence microscope equipped with X-Cite series 120 illuminator (EXFO Photonics Solutions Inc., Ontario, Canada), and gray scale images were captured using the Photometrics CoolsnapEZ digital camera. The images were analyzed using Telometer, a custom software plugin created for the open source image analysis program ImageJ.
Luciferase Reporter Assay-Cells were plated onto 6-well plates 24 h before transfection. The human TERT promoter luciferase reporter gene constructs (German Cancer Research Center, Dr. Rajiv Kumar), covering 2209 bp of the TERT pro-moter, followed by 219 bp of exon 1 and 60 bp of intron 1 region (17), were transfected using Lipofectamine 3000 reagent according to the manufacturer's protocol. pRL-Renilla reporter plasmid (Promega, Fitchburg, WI) was co-transfected as an internal control. After another 24-h incubation with DMSO (control) and doxycycline (to induce ARID1A expression), cells were lysed and subjected to a luciferase activity assay using the Dual-Glo luciferase assay system (Promega). The reporter assay was performed according to Promega's instructions. Each transfectant was assayed in triplicate. The activity of firefly luciferase was normalized to Renilla luciferase to obtain final reporter activity.
Chromatin Immunoprecipitation Assay-The ChIP assay was performed as previously described (8) with the following modification. The cells were grown in 15-cm dishes, and ARID1A expression was induced by incubating the OVISE cells with 1 g/ml doxycycline for 48 h, with an equal amount of DMSO used as a control on a separate dish. Approximately 1.2 ϫ 10 7 cells were treated with 5 mM dimethyl-3-3Ј-dithiobispropionimidate for 30 min at 4°C. The cells were washed cells twice with cold Dulbecco's PBS (Life Technologies) and incubated with quenching buffer (100 mM Tris-HCl, 150 mM NaCl) for 5 min. The cells were cross-linked with 1% formaldehyde for 10 min, quenched with 125 mM glycine for 5 min, and washed in PBS. Nuclear content was then extracted by using cytoplasmic lysis buffer (5 mM PIPES, pH 8.0, 85 mM KCl, 0.5% Nonidet P-40), followed by nuclear lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, 0.5% Nonidet P-40). The chromatins were sheared by three cycles of 30 s on/30 s off sonication for 8 min with the Bioruptor (Diagenode, Denville, NJ) to generate DNA fragments ranging from 300 to 600 bp. The sonicated lysates were diluted with ChIP dilution buffer (1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 167 mM NaCl) and immunoprecipitated with rotation overnight at 4°C with 2 g of antibodies. The antibody-chromatin complex was then precipitated for 6 h by protein G DYNAL magnetic beads (Life Technologies). Antibody-protein complexes bound to beads were washed once with high salt buffer (0.5 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0), once with low salt buffer (0.25 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0), and twice with Tris-EDTA buffer, pH 8.0. After reverse cross-linking with 1% SDS and 0.1 M NaHCO 3 at 65°C overnight, DNA fragments were purified using a 
QIAquick PCR purification kit (Qiagen). Binding to promoter regions was analyzed by quantitative real time PCR, and data were normalized to qPCR signals obtained from an input sample. Primer sets for the CDKN1A, CHGA, and TERT are described in Table 1 .
Statistical Considerations-Two-tailed unpaired t test was performed in all studies to assess differences between the control and ARID1A-modified cells, unless otherwise stated.
Results
ARID1A Negatively Regulates TERT Transcription-To determine whether loss or down-regulation of ARID1A expression as occurs in many endometrium-derived carcinomas is sufficient to activate TERT transcription, we first silenced ARID1A expression using siRNA in nontransformed HEK293FT and hEM3 human endometrial epithelial cells, both containing wild-type ARID1A. Although HEK293FT is a well established human embryonic kidney epithelial cell line, hEM3 cell line was derived from normal premenopausal endometrium where the endometrium-related gynecologic carcinomas arise. Quantitative real time PCR showed the robustness of ARID1A knockdown (83-87%) by ARID1A-targeting siRNAs as compared with scrambled control siRNA in both cell lines (p Ͻ 0.001; Fig.  1A ). Reduction in ARID1A expression was associated with a significant increase in TERT mRNA by 2.73-(p Ͻ 0.001) and 2.53-fold (p Ͻ 0.001), respectively (Fig. 1B) . To determine whether these changes at the mRNA levels were reflected at the protein levels, we performed immunoblot and observed fold changes that were similar to those detected at the mRNA level (Fig. 1C) . The specificity of TERT antibody for immunoblotting was confirmed by reduced TERT protein expression in TERT siRNA knockdown 293FT cells (supplemental Fig. S1 ). Thus, a decrease in ARID1A protein expression was associated with an increase of TERT protein expression.
We next employed the CRISPR/Cas9 genome editing to generate cells lacking endogenous ARID1A (KO) in hEM3 cells (Fig. 1, A and C) . The level of ARID1A protein was clearly ablated (Fig. 1C) , whereas the levels of TERT mRNA and protein were increased substantially in hEM3 ARID1A KO cells as compared with ARID1A-expressing parental hEM3 cells (5.94fold, p Ͻ 0.001; Fig. 1, B and C) . We then used a forward approach by overexpressing ARID1A in OVISE and OV207 ovarian clear cell carcinoma lines that harbor deleterious ARID1A mutations and, as a result, do not express ARID1A. Using the Tet-On inducible system (8), we observed a significant 55-83% reduction of TERT mRNA (Fig. 1B) , and protein expression after ARID1A expression was restored by exposure of cells to tetracycline (p Ͻ 0.001; Fig. 1, A and C) . These findings suggested a negative role of ARID1A in regulating TERT transcriptional activation.
ARID1A Inhibits Enzymatic Activity of Telomerase and Shortens Telomeres-Because TERT expression generally correlates with enzyme activity of telomerase (32), we employed a real time quantitative method based on telomeric repeat amplification protocol (SYBR-TRAP) (33) and demonstrated that ARID1A silencing increased telomerase activity by1.30 -1.80fold (p Ͻ 0.001; Fig. 2A ). Next, we applied qPCR to semiquan-tify the telomere length in the cells population. We found significantly longer telomeres (2.34-fold increase, p Ͻ 0.001; Fig.  2B ) in hEM3 cells after ARID1A knock-out using CRISPR/Cas9 than in ARID1A wild-type cells, with a lesser extent in ARID1A siRNA knockdown models of hEM3 and HEK293FT cells. Telomere length was also analyzed by fluorescence in situ hybridization on hEM3 cells in which ARID1A has been silenced using siRNA for an extended period of 36 days, and hEM3 cells with CRISPR/Cas9-mediated ARID1A knock-out. In both models, depletion of ARID1A significantly increased the telomere-specific fluorescence in situ hybridization signals (p Ͻ 0.05; Fig. 2, C and D) . On the contrary, overexpression of ARID1A in OVISE and OV207 ovarian clear cell carcinoma cell lines significantly decreased telomerase activities by 27-34% (p Ͻ 0.001; Fig. 2A ) and significantly shortened the telomeres by 20 -30% as compared with control cells without ARID1A overexpression (p Ͻ 0.05; Fig. 2B ).
To further support that the observed telomere phenotypes were specifically due to ARID1A, we ectopically re-expressed ARID1A in hEM3 ARID1A KO cells. We confirmed that transient expression of ARID1A resulted in a decrease of TERT mRNA expression, a reduction of telomerase activity, and telomere shortening (supplemental Fig. S2 ). To elucidate the role of telomerase in ARID1A-regulated telomere length, we transiently overexpressed ARID1A in the U2OS telomerasenegative human cell line. Overexpression of ARID1A in U2OS cells did not affect telomere length (Fig. 2, E and F) . This is in contrast to the telomere shortening observed in ARID1A-inducible telomerase-positive OVISE and OV207 cells (Fig. 2B) , suggesting that ARID1A negatively regulates telomeres through a telomerase-dependent mechanism.
In addition to the cell line study, we also examined the effect of ARID1A loss in primary cells. Considering that it is unfeasible to perform ARID1A genetic deletion in human primary cells, we applied an alternative approach by using primary fibroblast cultures derived from an inducible Arid1a knock-out mouse model (11) . Induction of Arid1a deletion using adeno-Cre virus resulted in a 1.83-2.20-fold increase of telomerase activities in these mouse primary fibroblasts (Fig. 2G) . Together, the above results suggest that ARID1A suppresses TERT expression and activity, thus compromising telomerasedependent telomere length maintenance, leading to decreased average telomere length.
ARID1A Regulates TERT Promoter Activity via Binding to the TERT Regulatory Region-The SWI/SNF chromatin remodeling complex has been shown to alter the compactness of chromatin structure, and therefore, ARID1A may negatively or positively affect the accessibility of transcription complexes such as RNA polymerase II (Pol II) and transcription repressors or activators in gene promoters or enhancers (34 -36) . To investigate whether ARID1A directly regulates TERT promoter, we performed luciferase activity assay by transfecting cells with TERT promoter luciferase reporter plasmids, followed by modification of ARID1A expression via ectopic overexpression and/or siRNA-mediated silencing. Our data demonstrated that ARID1A knockdown and knock-out significantly increased TERT promoter activity by 1.80 -5.40-fold in both hEM3 and HEK293FT cells (p Ͻ 0.001; Fig. 3A) , whereas ectopic expres-sion of ARID1A in ARID1A-null OVISE and OV207 clear cell carcinoma cell lines significantly suppressed its promoter activity (p Ͻ 0.05; Fig. 3A) . These results support that ARID1A negatively regulates TERT promoter activity.
Next, we determined whether ARID1A bound to TERT promoter region using ChIP-qPCR in OVISE ARID1A-V5-inducible cells. Using an anti-ARID1A antibody for pulldown, we observed that ARID1A protein was enriched in the TERT promoter from the transcription starting site (TSS) to a Ϫ1700-bp region upstream of the TSS in the ARID1A-induced but not in the noninduced cells (Fig. 3B) . ARID1A enrichment at the TERT promoter was confirmed by another antibody against the V5 epitope tag (Fig. 3C ). ChIP-qPCR was also performed at the regulatory locus of CHGA gene that was not expressed in human epithelial cells, serving as a negative control (Fig. 3, B  and C) . Indeed, there was no appreciable enrichment of ARID1A in this locus, further confirming the specificity of the applied ChIP methodology. 
ARID1A Associates with SIN3A Co-repressor and Repressive
Histone Modifications at the TERT Promoter Site-SIN3A is a critical component of multifunctional repressor protein complexes that regulate gene transcription (37) . ARID1A has been reported to interact with SIN3A to suppress transcription of genes involved in cell cycle regulation and tumor progression such as c-Myc, cdc2, cyclin E, cyclin A, and IL-6 (12, 35, 38) .
Here, our ChIP analysis demonstrated an increase of promoter occupancy by SIN3A in ARID1A-induced cells as compared with noninduced cells (Fig. 4A) , indicating the presence of ARID1A-SIN3A co-repressor complex at the TSS and the Ϫ1200-bp region of the TERT promoter. Because SIN3A-containing complex modifies histones, we also examined alterations of histones acetylation and methylation by ARID1A. Promoter occupancy experiments were performed using two repressor marks, H3K9me3 and H3K27me3, as well as two activation marks, H3K4me3 and H4K12Ac. Increased H3K9me3 was observed at the TSS of TERT promoter of ARID1A-induced cells, whereas the H4K12Ac activation mark was decreased (Fig. 4, B and C) . Of note, no significant difference was observed for the levels of H3K4me3 and H3K27me3 at the TSS of TERT (data not shown). These data suggest that ARID1A induces a complex mechanism of histone modifications at the TSS of TERT promoter. The observed methylation and deacetylation of histones are consistent with the presence of the SIN3A complex in the same region.
Furthermore, we examined the effect of ARID1A induction on TERT promoter occupancy by Pol II, which is critical for transcription initiation. We showed that induced expression of ARID1A significantly inhibited the recruitment of Pol II to the TSS of the TERT promoter (Fig. 4D ). This suggests that the ARID1A-containing SWI/SNF chromatin remodeling complex in collaboration with SIN3A can modify histone methylation and acetylation to compromise Pol II occupancy, resulting in a FIGURE 2. ARID1A regulates telomerase activity and telomere length. A and B, silencing of ARID1A resulted in an increase of telomerase activity (A) and average telomere length (B) as determined by the SYBR-TRAP assay and qPCR, respectively. Expression of ARID1A in ARID1A-null ovarian clear cells (OVISE and OV207) leads to suppression of (A) telomerase activity and (B) telomere length. C, representative images and quantitation of telomere-fluorescence in situ hybridization (FISH) on hEM3 cells that has been treated continuously for 36 days with control and ARID1A siRNA revealed shorter telomeres in ARID1A knockdown than their control cells (n ϭ 100). D, ARID1A knock-out using CRISPR/Cas9 resulted in significant telomere shortening in the hEM3 cells (n ϭ 40). E and F, ectopic expression of ARID1A in U2OS telomerase-negative cells (E) resulted in no significant alteration in telomere length (F). G, increase in telomerase activities were observed in mouse primary fibroblast cells following induction of Arid1a knockdown by exposure to adeno-Cre virus. Gapdh was used as a protein loading control. The data were obtained from triplicate experiments and are shown as means Ϯ S.E. *, p Ͻ 0.05; ***, p Ͻ 0.001. reduction of TERT transcription activity. Thus, loss of such interaction caused by ARID1A inactivating mutation releases its negative regulation on transcription and enhances TERT expression.
Inverse Correlation between ARID1A and TERT mRNA in Ovarian Clear Cell Carcinomas-The above results support the view that chromatin remodeling regulated by ARID1A is one of the mechanisms controlling TERT expression activity. To further investigate the contribution of ARID1A genetic alterations to the TERT expression at the tissue levels, we assessed the mRNA expression of ARID1A and TERT in 30 ovarian clear cell carcinoma tissues. Pearson's correlation analysis demonstrated a significant inverse relationship between ARID1A and TERT transcript levels (r ϭ Ϫ0.405, p ϭ 0.026; Fig. 4E ).
Discussion
Telomeres are DNA-protein complexes located at the chromosomal termini and protect the free ends from degradation and subsequent end to end fusion. Following each cellular division, telomeres shorten because of the end replication problem, ultimately leading to telomere dysfunction and induction of replicative senescence (39) . To ensure unlimited proliferative potential, cancer cells evolve to develop mechanisms to maintain telomere length. This study demonstrates for the first time a critical function of a SWI/SNF chromatin remodeler protein, ARID1A, in negatively regulating telomerase activity by direct promoter occupancy and transcriptional repression of TERT. These results are of substantial significance from the perspective of cancer biology because avoiding telomere crisis is essential for mammalian cells to achieve replicative immortality, a critical step in tumorigenesis (39, 40) . Hence, loss of ARID1A caused by either inactivating mutations or epigenetic silencing may offer a new mechanism to avoid cellular senescence triggered by progressive telomere shortening. This finding, together with previous reports showing other chromatin remodeling complex proteins, including ATRX and mINO80, are required for efficient telomere replication and maintenance of genome stability (41, 42) , points to the important role of chromatin remodeling in telomere biology.
Telomeres are maintained in a dynamic manner through two major mechanisms including the telomerase/TERT pathway (43, 44) and the telomerase-independent recombination-based ALT pathway (39, 45) . We did not detect marked telomere length heterogeneity, a hallmark of the ALT pathway, in all of the cell lines studied. Moreover, a previous report on the prevalence of ALT in human cancers demonstrated that the ALT pathway was rarely used by ovarian neoplasms including clear cell and endometrioid carcinomas (46) . Because ARID1A expression did not have an effect on telomere length in telomerase negative U2OS cells (Fig. 2F) , it is highly likely that ARID1A-mediated telomere dynamics can be attributed to TERT expression and activity rather than modulating the ALT pathway, highlighting the significance of telomerase regulation by ARID1A in ovarian neoplasms.
It has been established that SIN3A is an accessory factor of the transcription repressor complex that regulates the transcriptional activity of TERT (38) . Our current study demonstrated that re-expression of ARID1A promoted recruitment of the SIN3A co-repressor to the TERT regulatory element. Given the known association of SIN3A and HDAC activity (38) , recruitment of SIN3A to the TERT promoter region may facilitate conversion of histones into a repressive mode (heterochromatin) through deacetylation of histone H4K12Ac and methylation of histone H3K9me3. qPCR analysis from these ChIP experiments indicated that Pol II had a strong preference for occupying the TERT promoter in the ARID1A noninduced cells. Indeed, the removal of Pol II from DNA frequently correlates with a closed chromatin state, which prevents target gene transcription. Therefore, loss of ARID1A, which frequently occurs in endometrium-related and other carcinomas, may induce an open euchromatin configuration, allowing the transcription of TERT to start. In support of the above observations, a recent study demonstrated that mutation in TERT promoter can epigenetically switch chromatin into an active mode (24) . Furthermore, Wu et al. (47) demonstrated the ability of BRG1, the catalytic core subunit of the SWI/SNF chromatin remodel- ing complex, to promote histone deacetylase at the TERT TSS and thus suppresses its transcription. ARID1A is known as one of the core components that facilitates the targeting and binding of the complexes with AT-rich DNA region within chromatin (48) . This suggests that ARID1A plays an important role in repressing TERT, because the BRG1-containing SWI/SNF complex may lose the ability to bind chromatin DNA in the absence of ARID1A. Thus, it is likely that the nucleosome remodeling activity regulated by the SWI/SNF ATP-dependent complex provides accessibility of SIN3A-containing complexes to the TERT promoter region, leading to deacetylation and subsequent repression of target chromatin (49, 50) . Future studies are warranted to investigate the relative importance of ARID1A and/or BRG1 in modulating chromatin structure to regulate TERT and whether inhibition of telomerase can be exploited as a therapeutic potential in patients with ovarian clear cell and endometrioid carcinomas.
Although the observations discussed above favor our view regarding the role of ARID1A in suppression of tumor develop-ment through multiple mechanisms including decreasing TERT transcription and compromising telomere maintenance in cancer cells, other alternative explanations and limitations of this study should also be highlighted. It has been recently reported that activation of TERT expression confers a survival advantage of neoplastic cells by both telomere-dependent and -independent mechanisms. In the latter process, TERT is required to stabilize the binding of MYC to its target gene promoters, thus affecting MYC-dependent transcriptional programs and oncogenic properties (51) . It has also been recently reported that elevated TERT mRNA levels correlates with reduced disease-specific survival in urothelial carcinoma patients (22) . In support of our in vitro study, we found clinical relevance in patient samples by which a significant inverse correlation was observed between ARID1A and TERT mRNA expression in ovarian clear cell carcinoma tissues. These data were obtained from a relatively small cohort of specimens and warrant validation in a larger multisite cohort. Moreover, it would be interesting to compare telomere length in ovarian cancer patient samples with and without ARID1A loss. Loss of ARID1A has been suggested as an early molecular event that contributes to tumor development. As an example, the absence of ARID1A immunoreactivity is observed not only in ovarian clear cell and endometrioid carcinomas but also in their adjacent endometriotic cyst epithelium that is contiguous to the carcinoma (52) . Because endometriotic cyst epithelium is the cell of origin in many ovarian clear cell and endometrioid carcinomas, future studies should address whether the cyst epithelium with ARID1A loss has higher levels of TERT expression and longer telomere than those cysts with ARID1A retention.
In summary, the results from this study demonstrate that ARID1A suppresses TERT transcription by modulating the chromatin structure at the TERT regulatory/promoter region. Loss of ARID1A expression caused by inactivating mutations that are common in endometrium-associated neoplasms reactivates TERT transcriptional activity and confers survival advantage of cancer cells by maintaining their telomeres and preventing them from progressively and critically shortening to a state that is incompatible with tumor cell survival (46) . Thus, this study establishes a new caretaker role for ARID1A, whereby it contributes to tumor suppression by modulating TERT expression and telomere maintenance. 
